The bulk of the hard X-ray background has been resolved into discrete sources by ultradeep surveys with the Chandra X-ray Observatory. We have carried out multiwavelength follow-up observations of the active galactic nuclei that make up the background to ascertain their nature. With the addition of optical, submillimeter, and radio data, the bolometric luminosities of the sources can be estimated and used to map the history of supermassive black hole accretion from the earliest times to the present.
INTRODUCTION
A major goal of observational cosmology in this decade is to understand the star formation and black hole accretion histories of the Universe from the earliest times that cosmic structures formed until the present. To do so we need to obtain a complete census of the energy-producing galaxies and supermassive black holes in the Universe. A serious impediment has been that many luminous galaxies and active galactic nuclei (AGN) are hidden by dust from optical view. We are now able to find these highly obscured sources at X-ray, submillimeter, and radio wavelengths. As we account for the extragalactic background light (EBL) , which is the accumulation of emission from all extragalactic sources along the line-of-sight, we are completing the census. The next objective is to determine the nature and properties of the sources involved. AGN dominate the X-ray background (XRB) , star forming galaxies dominate the optical EBL, and obscured star forming galaxies and AGN dominate the far-infrared/submillimeter EBL. COBE found that the total reradiated emission appearing in the farinfrared/submillimeter is comparable to the entire optical 2 X-ray surveys most directly trace accretion onto supermassive black holes and hence provide our best window on black hole evolution. Some primary observational goals of X-ray studies include the measurement of supermassive black hole properties (such as the number density and accretion rates) versus redshift and the determination of the nature of the host galaxies. Since much of the accretion power of the Universe may be absorbed by substantial neutral hydrogen column densities, the challenge is to construct a complete census of supermassive black holes to the earliest epoch, including sources that are heavily obscured from soft X-ray energies to the near-infrared. The census is well underway for unobscured sources, but the obscured population is not well-characterized, except for the relatively rare radio galaxies.
A fundamental goal of the Chandra X-ray Observatory was to resolve the hard (2 -8 keV) XRB into discrete sources. At these energies the photons can penetrate all but the highest column densities (> 1024 cm2) of gas and dust, so most obscured AGN can now be detected. The two recent 1 Ms exposures of the Chandra Deep Field-North3 (CDF-N; this exposure has recently been extended to a second megasecond) and the Chandra Deep Field-South4 (CDF-S) resolved 80% to 90% of the 2 -8 keV XRB into discrete sources,57 with the normalization of the XRB as the main uncertainty. The field-to-field difference in the contribution to the XRB from the X-ray sources in the CDF-N and CDF-S is 40%; this is substantially above the Poisson noise expected from the number of sources, suggesting clustering. 
X-RAY SOURCE PROPERTIES AND REDSHIFTS
Although there has been rapid improvement in our ability to detect hard X-ray sources at the faintest fluxes, our efforts to understand in detail the nature and evolution of the sources creating the hard XRB are still in the early stages. Unexpectedly, our optical follow-up8'° of the X-ray sources in the SSA13, A370, and CDF-N fields revealed that approximately half of the X-ray emission is from relatively local, luminous early-type galaxies at z < 1.5. The X-ray emission arises from the cores of bulge-dominated, nearL* galaxies, presumably as a result of AGN activity. However, contrary to the situation for the faint ROSAT soft X-ray 12 the vast majority (> 80%) of the spectroscopically identified hard X-ray sources do not have broad optical or ultraviolet lines, and almost half show no obvious high-ionization signatures of AGN activity in their optical spectra. The hard-to-soft X-ray flux ratios of the latter suggest that the sources are highly absorbed systems whose high column densities could effectively extinguish the optical, ultraviolet, and near-infrared continua from the AGN and render traditional identification techniques ineffective. In Fig. 1 we show the unweighted average of the normalized spectra for the 33 absorption-line sources in the 1 Ms CDF-N X-ray image to illustrate how these sources would not have been classified as AGN based on their optical spectra.
We found that the remainder of the X-ray emission is produced by a mixture of optically-faint galaxies and optically-bright, z > 1.5 relatively unobscured AGN. One possibility for the optically-faint galaxies is that they are a smooth continuation of the bright local population to slightly higher redshifts. We used deep optical and near-infrared data to map the spectral energy distributions of the Chandra sources lying behind two massive clusters (A370, A2390).13 All were red galaxies with redshifts (two photometric and two spectroscopic) between z = 1 and z = 3. Although the sample is small, the data appear to confirm that many of the optically-faint Chandra sources lie in luminous high-redshift galaxies that are relatively evolved. A very intriguing possibility14 is that a fraction of the optically faint sources may also be low-luminosity quasars at very high redshifts (z> 5), since cold dark matter models can allow a large number of such high-redshift AGN. In fact, we found a z = 5.18 quasar in the CDF-N X-ray surveyJ° In Fig. 2 we compare the spectrum of the z = 5.18 quasar with that of a quasar at z = 5.01 found'5"6 in the Sloan Digital Sky Survey.'7 The strong Lyü emission and the sharp edge due to Lya forest absorption is clearly evident. The spectra of high redshift quasars are important in determining the time of reionization of the Universe.18
In the CDF-N field we have spectroscopic redshifts for 182 (7 are from Ref. 19 ) of the 370 X-ray point sources in the catalog of Ref. 3 . Outside a 10' radius from the approximate Chandra image center the X-ray point spread function degrades rapidly, so we do not include these sources subsequently. Within 10', which corresponds to a 294 arcmin2 area on the X-ray image, there are 330 Chandra sources, including 10 stars. Of the 189 galaxy sources with R < 24, 147 (78%) have been spectroscopically identified. The great majority of the identified extragalactic sources with R < 24 lie below a redshift of one (104/147 or 71%). In Fig. 3 we show the redshift-magnitude relation for the galaxy popluation (squares; unidentified objects are plotted below z = 0 with different symbols). Broad-line sources (distinguished by a second larger symbol) are systematically the most optically luminous of the X-ray sources because of the AGN contribution to the light. The gap between z 1.5 and 2 reflects the difficulty of identifying sources with redshifts in this range, where [011] 3727 A has moved out of the optical window and Lyc 1216 A has not yet entered.
All of the sources with z > 1.6 are either broad-line AGN or have narrow Lyc and/or CIII] 1909 A emission. Intriguingly, while there are a substantial number of optically-identified absorption-line sources with z > 1.6 known in the CDF-N region, none are present in the X-ray sample.
In Fig. 4a we show histograms of the redshift distribution for /.z = 0.1 and /.z = 0.01 bins, and in Fig. 4b we show an R versus redshift blow-up of the two structures centered on z = 0.843 and z = 1.0175 (also detected in optical surveys19'20) that are seen in the higher resolution histogram. These are the only two structures that contain at least 10 X-ray sources within 1000 km s of the center positions. Figure 4 suggests that there may be large scale structure in the field (spatially the sources also look clustered) , but the structures do not dominate the number of X-ray sources in the sample, so our overall redshift distribution should not be strongly affected by this clustering. However, the number of sources in these structures (a total of 24 identified sources in the z = 0.843 and z = 1.0175 structures) is sufficiently large that it could account for a part of the field-to-field variation seen in the X-ray number counts.6
SUPERMASSIVE BLACK HOLE GROWTH
We can construct redshift slices of supermassive black hole growth from our Chandra data to learn about the evolutionary history of black holes. In Fig. 5a we show the redshift distribution versus 2 -8 keV flux for two restricted uniform flux-limited subsamples in the CDF-N: a 'deep' subsample (squares) from the 6. The percentage of the total light in the hard or soft deep subsample that comes from spectroscopically identified point sources in each redshift interval is indicated. In the hard deep subsample at least 35% arises below z = 1 and at least 55% arises below z = 2. These percentages increase to 40% and 73% if we include the sources with photometric redshifts. Similarly, in the soft deep subsample at least 31% arises below z = 1 and at least 62% arises below z = 2. These percentages increase to 36% and 73% if we include the sources in the soft deep subsample with photometric redshifts. Thus, the bulk of the total 2 -8 keV and 0.5 -2 keV flux in the deep subsamples arises at recent times, and black hole growth is not only associated with the galaxy formation era.
BOLOMETRIC LUMINOSITIES AND ACCRETION HISTORY OF AGN
In Ref. 9 we used our multiwavelength data to estimate upper bounds on the AGN bolometric luminosities (LBOL LFIR + LOPT + Lx) of the hard X-ray sources in three fields: A370 (94 ks exposure), SSA13 (100 ks exposure), and the CDF-N (225 ks exposure). LOPT is the ultraviolet/optical contribution from the accretion and is interpolated from multiband observations. For sources that have substantial galaxy light contamination, LOPT is an upper bound. The bolometric far-infrared (FIR) luminosity is related to the rest-frame 20 cm luminosity through the well-established FIR-radio correlation23 of local starburst galaxies and radio-quiet AGN. The correlation also seems to hold at high redshifts.24 It is not entirely known what mechanism produces the relationship. In galaxies without a powerful AGN, the radio luminosity is dominated by diffuse synchrotron emission; thus, the tight empirical correlation is thought to be a consequence of the radio continuum emission and the thermal dust emission both being linearly related to the massive star formation rate. In the X-ray systems a substantial fraction of the FIR luminosity may be of AGN origin rather than from star formation. The only strong statement we can make is that the FIR luminosity from the AGN is bounded above by the FIR-radio correlation result. The FIR dominates over the optical light in a high fraction (73%) of the sources. (1) where LBOL S in units of erg s . By making the simplifying assumption that has an approximately universal value, E 0.1, MBH can be evaluated. In Ref. 9 we calculated MBH upper bounds from our estimated values of LBOL and lower bounds with LBO[. replaced by Lx. Figure 6 shows these MBH values versus redshift. The upper bounds in Fig. 6a are on average about a factor 20 higher than the lower bounds in Fig. 6b , but the trends with redshift are similar for both. The lower envelope of the MBH versus redshift plot simply reflects selection bias, since high redshift sources with low MRH will not be detected in these shallow hard X-ray surveys. The upper envelope of the distribution strongly reflects the changing strength of the maximal accretion rate with redshift, although some of the change is due to the volume increase with redshift, which gives a higher chance of finding very luminous sources (tV for a z = 2 -3 bin is a factor 3.3 larger than for a z = 0 -1 bin). At z > 1 the inferred accretion rates are up to two orders of magnitude larger than those at z < 0.5. Thus, the most violent episodes of black hole growth occurred at early times. For z < 1, log(MBH) increases approximately linearly with redshift.
From the MBH versus redshift distribution, we can deduce the time history of the accretion rate density (ARD), PBH >i: MBH/AV, where the sum is over the sources in a bin /.z and AV is the comoving volume element in Mpc3, which is proportional to the area coverage. The A370, CDF-N, and SSA13 fields have areas of 56, 78, and 64 arcmin2, respectively, giving a total area A = 198 arcmin2. The maximal and minimal results for the ARD history, determined from the upper and lower bounds of Fig. 6 , are given in Fig. 7 . Again, this is normalized with a value of 0.1, and the accretion rates scale as . The time history of the ARD seems to fall roughly as (1 + z)3 , as illustrated by the overlaid curves in Fig. 7 , although the evolution could be slower considering the present limitations in deducing the mass inflow rates. This redshift dependence is similar to that inferred in star formation histories (or, more directly, in rest-frame ultraviolet light densities) where slopes over the z = 0 -1 interval have measured values2527 in the range 1.5 to 4.
If the ARD is integrated from z = 0 to z = 3, a current black hole mass density of PBH 6 x iO g cm3 (2) is obtained.9 This black hole density can be compared to the local spheroidal mass density28 29 PSPH = 2 x 1032 g cm3 (3) which is accurate to about a multiplicative factor of 2. The resulting ratio, pBH/pspH = 0.003, is in reasonable accord with the local black hole-bulge mass relation MBH = O.OO1-O.002 Mbulge found local1y.3032 For a theoretical discussion see Ref. 33 . Since accretion rates and consequently PBH scale with the radiative efficiency of accretion as , this agreement tells us that e cannot be much less than 0.1. In the future, the high spatial resolution and sensitivity of the Submillimeter Array (SMA) , and eventually ALMA, will enable submillimeter fluxes to be measured directly for the X-ray sources, improvng the estimates of the AGN bolometric luminosities. The advent of 30 m telescopes should also enable spectroscopic redshifts to be obtained for a much larger percentage of the X-ray sources than is currently possible, revealing the AGN spectral characteristics of the optically-faint sources and improving the redshift distribution.
